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Introduction {#sec005}
============

Core decompression surgery, which was first proposed by Ficat and Arlet in 1964, is used to treat early-stage ischemic necrosis of the femoral head to alleviate pain, to reduce the pressure in the internal medullary cavity of the femoral head, to improve local blood circulation, and to delay femoral head replacement due to femoral head necrosis collapse and loss of hip joint function \[[@pone.0175366.ref001]--[@pone.0175366.ref003]\]. Since its implementation, core decompression surgery has evolved from simple core decompression to multiple core decompression \[[@pone.0175366.ref004]\]. Nevertheless, despite its widespread use, there are no studies on the precise location of the ischemic areas before and during surgery or on acquiring three-dimensional (3D) information of the ischemic areas. Information on the ischemic areas are still obtained using X-ray, computed tomography (CT), and magnetic resonance imaging (MRI), all of which are two-dimensional (2D) techniques. Surgery is still guided by C-arm X-ray using 2D data to locate the puncture position.

Iatrogenic injuries are more likely to occur after multiple drillings, for which more important X-ray exposure is required. Such damage and inaccurate drilling may result in variable success rates and some studies even considered that core compression was useless for osteonecrosis of the femoral head \[[@pone.0175366.ref005]--[@pone.0175366.ref009]\]. Finding a way to improve the precision of necrotic area locations should reduce the damage caused by multiple punctures and X-ray exposure and the success rate should increase. With the development of computer-assisted orthopedic surgery, computer-assisted techniques are more and more widely applied in high-precision orthopedic surgeries \[[@pone.0175366.ref010]--[@pone.0175366.ref012]\].

This study, which is based on computer-assisted rapid prototyping, was designed to simulate core decompression of a femur containing locating wires and to use a rapid prototyping technology to manufacture an individual navigation template adapted to the locating wires for core decompression surgery. Here we describe a precise core decompression procedure for treating early-stage osteonecrosis of the femoral head that not only determine the accurate location of the ischemic areas, but also reduces the damage caused by traditional core decompression and slow down the progression of femoral head necrosis.

Materials and methods {#sec006}
=====================

Specimen preparation {#sec007}
--------------------

Twelve adult fresh femurs (Department of Anatomy, Xi'an Jiaotong University) were used in this study. These femurs were teaching bones used at the Department of Anatomy of Xi'an Jiaotong University (see [S1 File](#pone.0175366.s001){ref-type="supplementary-material"}). All body parts were anonymized upon harvesting. This study was approved by the ethical committee of the Second Hospital affiliated to Xi'an Jiaotong University (see [S2 File](#pone.0175366.s002){ref-type="supplementary-material"}). Causes of death were various and were not associated with the body parts. Only intact femurs were used. None of the tissue donors were from a vulnerable population and all donors or next of kin provided written informed consent for the use of the cadavers for teaching and research purposes.

Three positioning Kirschner wires (3 mm in diameter, 100 mm long) were fixed into the top greater trochanter of the femur, as well as 40- and 60-mm below it. A 5-mm glass ball was placed in the femoral head as the target spot for decompression ([Fig 1A--1D](#pone.0175366.g001){ref-type="fig"}).

![Specimen preparation.\
Three positioning Kirschner wires (3 mm in diameter, 100 mm long) were fixed into the top greater trochanter of the femur, as well as 40- and 60-mm below it. A 5-mm glass ball was placed in the femoral head as the target spot for decompression. A. Fixation of the Kirschner wires into the femur. B. The femoral specimen with the three Kirschner wires. C. The glass ball into the right upper quadrant of the femoral head and sealed with bone wax. D. The 5-mm glass ball.](pone.0175366.g001){#pone.0175366.g001}

The images were collected and the 3-D models were reconstructed. A spiral 64-slice CT (Lightspeed vct 64 CT; GE Healthcare, Waukesha, WI, USA) was used to scan the prepared specimen (0.625-mm slice thickness, 120 kV, 240 mA). The data were saved in DICOM format and imported into the Mimics 10.01 software (Materialise, Leuven, Belgium). In Mimics, there were 119 layers in the windows of the coronal section and 89 layers in the windows of the transverse section. Each layer mask was compiled to fill in the blanks and high-quality reconstruction parameters were set to calculate the 3D model of the femurs. The reconstructed specimen model was smoothed thereafter. The masks of the layers of the target spot, which included 10 layers on the coronal section and 6 layers on the transverse section, were compiled to reconstruct the 3D model of the glass ball, and then the reconstructed specimen model was smoothed([Fig 2A](#pone.0175366.g002){ref-type="fig"}).

![The reconstructed specimen model was smoothed, core decompression was digitally simulated, and navigation templates were designed.\
A. The reconstructed specimen model was smoothed and the glass ball was marked in red in the picture. B. The depth of the osseous part of the core decompression channel was measured, and all data were saved in STL format. C. A template with four holes (3 mm in diameter) was created. Three holes were adapted to the positioning wires on the specimen, and the fourth hole was adapted to the drilling direction of the guide needle for the core decompression.](pone.0175366.g002){#pone.0175366.g002}

Digital simulation of core decompression {#sec008}
----------------------------------------

The segmentation module in Mimics was used to calculate the profile curve of the femoral head, and a sphere was then designed according to the profile curve. The center coordinates of this sphere were considered as the center coordinate of the femoral head. The first layer of the glass ball on the coronal section was considered as the target for core decompression, and its coordinates were calculated. The center coordinates of the femoral head were considered as the origin to calculate the 3D coordinates of the target spot in the core decompression. Under semitransparent visualization of the Simulation module of Mimics, the spot that was 20 mm below the top of the greater trochanter of the femur was considered as the starting point of the core decompression, while the first layer of the glass ball on the coronal section was considered as the finishing point of the core decompression channel. A core decompression channel of 3 mm in diameter was designed on the basis of these two points. The depth of the osseous portion of the core decompression channel was measured and all of the data above were saved in STL format ([Fig 2B](#pone.0175366.g002){ref-type="fig"}).

The data of the femoral specimens with the designed core decompression channel were imported into the Pro/E software (PTC, Needham, MA, USA) in STL format. A navigation template was designed to adapt the positioning wires on the specimen. It was also adapted to a guide rod that fit the core decompression channel. A four-hole template (3 mm in diameter) was created. Three of these holes were adapted to the positioning wires on the specimen, while the fourth hole was adapted to the drilling direction of the guide needle for core decompression ([Fig 2C](#pone.0175366.g002){ref-type="fig"}). The dimensions of the navigation template were 120-mm long, 80-mm wide, and 5-mm thick, and the distance between the guide plate and the bonce was 50 mm. All data were imported into a rapid prototyping machine, and the laser sintering method was chosen to mold the light-sensitive resin, which was then solidified and added to the navigation template.

The navigation template was placed stably on the three positioning Kirschner wires and another Kirschner wire (3 mm in diameter) marked with decompression depth was drilled into the femoral head through the guide rod direction. The drilling depth was based on the measurement of the core decompression's osseous channel ([Fig 3A and 3B](#pone.0175366.g003){ref-type="fig"}).

![Use of the navigation template for core decompression.\
A. The drilling depth was based on the measurement of the core decompression's osseous channel. B. The navigation template was placed on the three positioning Kirschner wires at a distance of 50 mm from the bone, and another Kirschner wire (3 mm in diameter) marked with decompression depth was drilled into the femoral head through the guide rod direction.](pone.0175366.g003){#pone.0175366.g003}

After drilling, the femoral head specimen with the core decompression guide needle was scanned with CT. The CT data were saved in DICOM format and imported into Mimics. The 3D model of the femoral specimen with the decompression wire was established after layer mask editing, cavity filling, and smoothing. The coordinates of the decompression needle end were calculated, and the range error between the needle end and the target spot was measured according to this coordinate and that of the first layer of the glass ball on the coronal section.

Results {#sec009}
=======

Reconstruction {#sec010}
--------------

Using the CT data, 3D reconstruction required approximately 30 min. The computer simulated surgery required about 90 min. The printing of the navigation template required about 180 min. Therefore, the whole process took about 5 h. The price of each navigation template was about 100 yuan (about 17 USD).

Center coordinates {#sec011}
------------------

After the reconstruction by computer, the glass ball was considered as a simulated necrotic lesion center. [Table 1](#pone.0175366.t001){ref-type="table"} shows the exact location in the femoral head in the simulated necrotic lesion center of each specimen.

10.1371/journal.pone.0175366.t001

###### The center coordinates of the femoral head as the reference; the glass ball was located in 3D.

![](pone.0175366.t001){#pone.0175366.t001g}

  No.   Center coordinates of the femoral head (x, y, z)   Center coordinates of the glass ball (x, y, z)   Center coordinates of the glass ball when the center of the femoral head is taken as the origin (x, y, z)
  ----- -------------------------------------------------- ------------------------------------------------ -----------------------------------------------------------------------------------------------------------
  1     (122.54,140.43,142.76)                             (102.35,131.50,155.49)                           (-20.19,-8.93,12.37)
  2     (174.63,152.64,148.16)                             (175.75,144.43,158.24)                           (1.12, -8.12, 10.08)
  3     (142.10,182.70,234.11)                             (148.65,175.84,246.55)                           (6.55, -6.86, 12.44)
  4     (200.38,183.38,237.39)                             (197.11,174.47,247.86)                           (-3.27, -8.91,10.47)
  5     (139.32,171.27,203.28)                             (121.21,165.24,217.45)                           (-18.1, -6.03,14.26)
  6     (162.54,170.41,210.14)                             (159.31,158.42,216.69)                           (-3.23, -11.99,6.55)
  7     (129.84,191.61,149.32)                             (117.12,188.50,157.43)                           (-12.72, -3.01,8.11)
  8     (183.71,201.37,199.94)                             (172.38,198.23,217.54)                           (-11.33, -3.14,17.6)
  9     (157.24,183.64,183.74)                             (141.93,178.46,196.54)                           (-15.31, -5.18,12.8)
  10    (175.35,193.74,200.18)                             (168.91,179.31,211.65)                           (-6.44,-14.43,11.47)
  11    (146.82,172.63,189.07)                             (137.51,169.87,201.61)                           (-9.31, -2.76,12.54)
  12    (184.11,198.42,217.13)                             (169.61,189.03,226.41)                           (-14.50, -9.39,9.28)

Drilling accuracy {#sec012}
-----------------

After drilling, the CT scan data were imported into Mimics, and a model was built ([Fig 4A and 4B](#pone.0175366.g004){ref-type="fig"}). The distance between the target spot and the destination was measured of the coronal section in Mimics, and the range error between them was calculated. The calculated average range error was 1.92±0.071 mm ([Table 2](#pone.0175366.t002){ref-type="table"}).

![The reconstructed model of femoral specimen and the guide needle (anterior aspect and superior aspect).](pone.0175366.g004){#pone.0175366.g004}

10.1371/journal.pone.0175366.t002

###### Range error (mm) between the target and the needle's end.

![](pone.0175366.t002){#pone.0175366.t002g}

  No.   ΔX        ΔY        ΔZ        ΔL
  ----- --------- --------- --------- ------
  1     1.58      1.07      \- 0.32   1.94
  2     \- 1.47   1.11      0.27      1.86
  3     1.02      0.98      1.13      1.81
  4     1.63      \- 1.12   0.19      1.99
  5     0.57      1.26      \- 1.49   2.03
  6     1.37      1.18      0.21      1.82
  7     1.06      \- 1.51   0.39      1.89
  8     \- 1.25   0.42      1.46      1.97
  9     1.18      \- 0.53   1.38      1.89
  10    \- 1.48   1.17      0.43      1.93
  11    0.51      \- 1.29   1.46      2.01
  12    1.47      1.15      0.47      1.92

Discussion {#sec013}
==========

Early diagnosis and treatment is crucial for improving long-term prognosis of ischemic necrosis of the femoral head \[[@pone.0175366.ref013],[@pone.0175366.ref014]\]. Much research has shown that precise core decompression effectively treats ischemic necrosis in Ficat I and Ficat II \[[@pone.0175366.ref013]--[@pone.0175366.ref015]\]. Accuracy is essential during core decompression \[[@pone.0175366.ref016]\], but conventional techniques use preoperative 2D data such as X-ray, CT, and MRI, which makes it difficult to precisely locate the irregular ischemic areas. As a result, multiple drillings and depths often have to be used, increasing radiation exposure for both the patient and surgical team as well as increasing the risk of iatrogenic cartilage and bone fracture \[[@pone.0175366.ref017]\]. Multiple drilling also means a longer surgery and greater risks of infection and surgical complications.

Computer-assisted imaging techniques are currently used in an effort to increase surgical accuracy. These new techniques enable computer-assisted orthopedic surgery (CAOS), in which CT and MRI scan data are transferred into 3D representations that guide surgeons during the operation. Because CAOS provides much higher precision and control than conventional techniques, it has been widely used in various kinds of orthopedic surgeries \[[@pone.0175366.ref011],[@pone.0175366.ref018],[@pone.0175366.ref019]\]. Some types of CAOS provide a navigation system that shows simultaneous coronal and sagittal plane views on the system-associated screen during surgery \[[@pone.0175366.ref016],[@pone.0175366.ref020]--[@pone.0175366.ref023]\]. Drilling is then performed by the real-time visualization of targeting the ischemic areas on the screen. These navigational systems promise a high accuracy and reduction of radiation exposure time, but it is still limited by the lengthy registration process. Moreover, the inevitable steep learning curve and device expenses hamper the implementation of these navigational systems in less developed areas \[[@pone.0175366.ref024]\].

Surgical improvements are provided by the 3D digital reconstruction and reverse engineering techniques. A promising prospect has been shown in clinical application \[[@pone.0175366.ref009],[@pone.0175366.ref010]\]. The error range can be controlled to 0.1 mm \[[@pone.0175366.ref025]\]. This study evaluated the feasibility of the use of rapid prototyping for femoral head core decompression. Rapid prototyping can provide a clearer and 3D view of the skeletal anatomy to the orthopedist \[[@pone.0175366.ref026],[@pone.0175366.ref027]\]. Our approach is that after K-wire fixation and CT scan at the primary hospital, the relevant imaging data can be sent to a more important hospital or 3D printing center, where the navigation template can be accurately manufactured and mailed to the primary hospital. The surgery can then be performed at the primary hospitals according to the navigation template. Therefore, compared with the navigation systems, it has the advantages of low cost, no need for intraoperative registration, decreased learning curve, and shortened surgery time. In addition, surgery can be preoperatively previewed to ensure the accurate location. The operation is performed without the need to estimate the target area or use fluoroscopy and C-arm X-ray, which reduces the surgical complexity and the exposure to radiations. Most importantly, a very short learning curve is required for this technique since it can easily be mastered by any surgeon who is familiar with the core decompression procedure.

In this study, the distance between the navigation template and the proximal femur was fixed at 50 mm, but considering the eventual clinical applications in the future, the distance between the navigation template and the proximal femur will be individually designed according to the degree of obesity and local thickness of soft tissue among different patients. These parameters will be taken into account using the CT images in the Mimics software. This distance would not affect the accuracy of the navigation since they will have been taken into account when designing the plate.

Nevertheless, this novel approach may have some disadvantages and the following errors may occur: manually slicing the graph and reconstructing the model, mismatch between the rapid prototype model and the 3D model in the computer, navigational template location, and slight movement of the template during the procedure. Despite these errors, there was a 1.92-mm range error between the needle's end and the target's center coordinates since the necrotic areas can be large, which is considered to match the clinical requirement of core decompression. In addition, the use of three K-wires for template alignment near the core decompression site could the fracture risk. Since the current experiment presents only ex vivo conditions, its data and results cannot be directly extrapolated to in vivo circumstances. In addition, including a control group should be ideal. However, the present study was only a pilot proof-of-concept study that allowed showing the possibility of using the Mimics software and rapid prototyping to achieve high drilling accuracy. Additional studies are necessary before implementation in the clinical setting and a control group will then be included. In addition, a reproducibility study of the influence of the horizontality of K-wire drilling is necessary.

In conclusion, core decompression using a computer-rapid prototyping template is a reliable and accurate technique that could provide a new method of precision decompression for early-stage ischemic necrosis.
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